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We present results of all-electron molecular relativistic (Hartree-Fock-Dirac) and 
nonrelativistic (Hartree-Fock) calculations followed by a complete open shell configuration 
interaction (COSCI) calculation on an EuO~ - cluster in a Ba2GdNb06 crystal. The results 
include the calculated energies of a number of states derived from ther - manifold and 5 D-7 F 
luminescence transition wavelengths. The calculations were performed using the molecular 
Fock-Dirac (MOLFDIR) program package developed in our laboratory. The theory and 
methods employed in this package are briefly described. The physical models used to analyze 
the Eu3+ impurity states range from a bare Eu3+ ion to an EuO~ - cluster embedded in a 
Madelung potential representing the rest of the crystal. We show that it is necessary to use the 
embedded cluster model to get a reasonable description of the crystal field splittings of the 
states arising from the/6-manifold. Our results indicate that the calculated splittings are very 
sensitive to the orbitals used. It is therefore essential that relativistic orbitals be used from the 
outset. 
I. INTRODUCTION 
Compounds containing lanthanide ions (Z = 57-71) 
form an interesting class of materials, both from a scientific 
and a practical point of view. Their optical and magnetic 
properties for example are at present technically widely ex-
ploited, while being subjects of continuing experimental and 
theoretical investigations. These properties arise from the 
complex manifold of electronic states arising from the in-
completely filled 4/ shells of the lanthanide atoms or ions. 
Since the classic work of Becquerel and Bethe l •2 it is well 
known how to describe these states in crystalline surround-
ings semiempirically. In recent years this theory has been 
revitalized and has considerably been extended by Thole in 
connection with the rationalization of x-ray absorption spec-
troscopic data.3,4 At least for the lower lying electronic 
states, the Coulombic interaction between the electrons (on 
the order of eVs) still dominates the spin-orbit interaction 
(on the order of tenths of eVs), although not as heavily as in 
the case of the 3d metals. In contrast to the latter case, how-
ever, the perturbing effects of the surrounding are much 
smaller than the spin-orbit interaction and therefore smaller 
than relativistic effects in general. This poses a serious prob-
lem when one wants to go beyond a semiempirical descrip-
tion and use ab initio computational methods, for example, 
to obtain more quantitative insight into the origin of crystal 
fields or into the rates of various radiative or nonradiative 
decay or excitation transfer processes. The problem is 
whether ab initio results based on the nonrelativistic Schr6-
dinger equation with relativistic corrections added on can be 
relied upon or that a relativistic approach is needed from the 
outset to account for the differences between relativistic and 
nonrelativistic orbitals. 
At present the ab initio treatment of relativistic effects in 
compounds of the kind considered here is limited to the use 
of an effective Schr6dinger equation for valence electrons 
containing relativistic perturbation terms and a relativistic 
core potential derived from atomic Fock-Dirac calculations 
(Ref. 5 and references therein). As it is based on a Schr6-
dinger equation this useful approach allows the inclusion of 
electron correlation effects by standard quantum chemical 
methods. All electron ab initio calculations, however, in-
cluding relativistic effects as well as correlation effects on the 
same theoretical level, have not yet been performed on mo-
lecular systems containing heavy atoms. Some calculations 
based on relativistic quantum mechanics have been per-
formed (Refs. 6-8 and references therein). Most of the cal-
culations concern atoms, and a few deal with diatomic mole-
cules. Applications to molecular systems containing more 
than two nuclei have been sparse,9-12 except for calculations 
based on a local density approach. 
More than a decade ago van Piggelen 13 has carried out 
nonrelativistic ab initio calculations, with spin-orbit pertur-
bation corrections, to describe some of the states from the/-
manifold of the Eu3+ impurity in Ba2GdNb06, using a mo-
lecular model (an EuO~ - cluster embedded in the 
Madelung field of the rest of the crystal). The impurity site 
in this compound has cubic (octahedral) symmetry, which 
was important to make the calculations feasible. His inter-
pretation of the calculated crystal field splitting was incon-
clusive because of the problem mentioned. In this work we 
use the same molecular model but carry out fully relativistic 
calculations by applying the all-electron Hartree-Fock-
Dirac method followed by relativistic configuration interac-
tion (CI), resulting in a complete intermediate coupling de-
scription of the f-like manifold of the lanthanide impurity. 
One aim of the work is to obtain results that can serve as a 
reference for more approximate methods. The method also 
enables the study of correlation effects and the effects of the 
Breit interaction. II 
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II. THEORY 
We use an average of configurations self-consistent-field 
(SCF) method (Hartree-Fock for nonrelativistic calcula-
tions, Hartree-Fock-Dirac for relativistic calculations) to 
generate a set of one-electron spin orbitals. Using these aver-
age orbitals, we perform a complete open shell configuration 
interaction (COSCI) calculation to get a description of the 
open shell manifold. In this section we give the basic equa-
tions of the method and the way these are solved. Some de-
tails of the molecular Fock-Dirac (MOLFDlR) program 
package9.11.14.IS are given, in particular the form of the basis 
functions, kinetic and atomic balance, and general contrac-
tion. 
A.General 
The time-independent Dirac equation for one-electron 
molecular systems 16. 17 is given by 
hrp = erp, (l ) 
in which h is the one-electron Dirac operator defined by 
h = ca·p + ({3 - I )mc2 + V. (2) 
We have shifted the energy scale by - mc2 to facilitate com-
parison with nonrelativistic energies. The a and {3 are 4 X 4 
matrices defined by 
and 
(3) 
in which u is the collection of Pauli spin-matrices, V is the 
potential energy V(r;R) due to the nuclei at R, c is the speed 
oflight in vacuum (137.03602 a.u. used), and m is the rest-
mass of the electron. rp(r) is a four-component spinor, con-
veniently written in bispinor form, 
(4) 
The first-order approximation to the positive-energy state is 
I 
rp ';::::-- u-prp L (5) 
2mc 
so the lower bispinor is conventionally called the "small 
component," and the upper bispinor is the "large compo-
nent. " 
One can generalize the one-electron Dirac equation to 
an approximate relativistic many-electron equation (the 
Dirac-Coulomb equation),18 which is given (in atomic 
units) by 
{2: [ai·p, + ({3i - l)mc2 + V;) + 2: . ..!..}tf;= Etf;. 
, l<} rij 
(6) 
The two-electron interaction in this equation consists of the 
usual Coulomb term and is not relativistically invariant; the 
leading correction to the two-electron interaction (the Breit 
interaction 19) can be included either variationally or by per-
turbation theory,Q·2o.21 but has been left out in this work. 
B. Open shell approach 
The molecules or clusters, modeling bulk or surface 
properties of solids, we want to study contain heavy atoms 
and are in general open shell systems. Especially lanthanides 
and actinides have an openl-shell, which gives rise to a large 
number of energy eigenstates lying close together. A simple 
open shell SCF method alone is not sufficient to describe 
such a manifold. First, significant interaction between the 
Russell-Saunders terms ofthel-multiplet should be expect-
ed. Second, since (as is generally known) the correct eigen-
functions of the Dirac-Coulomb Hamiltonian are neither 
pure LS-coupled functions nor pure JJ-coupled functions, a 
many-electron function in intermediate coupling should be 
constructed. This can be accomplished by forming linear 
combinations of determinants constructed from LS or JJ-
coupled one-electron spinors. Furthermore, since we are in-
terested in the optical spectrum ofthel-manifold, we need to 
calculate a large number of the energy eigenstates. A sepa-
rate SCF calculation for each of these states is cumbersome, 
and is certainly not a practical approach. 
By using the COSCI approach these problems can be 
solved. We start with a SCF calculation using an average 
energy expression [defined as the average of the energy ex-
pressions for all possible individual states of the relevant 
configuration(s)], resulting in the "average" total energy 
and a set of "average" orbitals. Next, a CI calculation is 
performed within the full-CI space generated from. the set of 
open shell orbitals from the SCF calculation. This results in a 
description of the open shell manifold which is not tied to 
one of the extreme coupling schemes. 
C. The relativistic open shell SCF equations 
The relativistic open shell SCF equations are formally 
derived in the same way as the nonrelativistic equations.22 
The one-electron Schrodinger operators are replaced by 
Dirac operators and the scalar orbitals are now four compo-
nent spinors. Fundamentally there is of course an important 
difference in the meaning of the variational method since it is 
used to locate a stationary state in the positive energy do-
main instead of an absolute minimum. The resulting SCF 
equations are called the Hartree-Fock-Dirac equations. 
The average of configuration energy expression which is 
used in the MOLFDlR program package has the following 
form: 14 
E= f hk +!f Qkl + f[f hm + ~a.tf Qmn + ~ Qkm]. k kl m mn k.m 
(7) 
In this equation, k and I label closed shell spin-orbitals 
(which, by definition, are occupied by one electron), m and 
n label open shell spin-orbitals (with related to them a frac-
tional occupation umberfand a coupling constant a), hk is 
the diagonal matrix element of the one-electron Dirac opera-
tor [from Eq. (l)] over spin-orbital rpk' and Qij =.Jij - Kij 
in which Jij and Kij are the usual Coulomb and exchange 
integrals. Apart from the use of four-component spin-orbi-
tals instead of orbitals, the energy expression differs from the 
energy expression used by Roothaan in the detailed form of 
the one-electron operators (Dirac-operators vs one-electron 
J. Chem. Phys., Vol. 96, No.4, 15 February 1992 
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Schrodinger operators) and of the two-electron operators 
when the Breit interaction is included. 
If we use the average of configuration total energy 
expression, the coupling constant and fractional occupation 
number are given as functions of the number of open shell 
electrons n and the number of open shell orbitals d, 
n 
f="d' (8) 
den - 1) 
a= . 
ned - 1) 
(9) 
For completeness, we present the working formulas 
which are obtained when the SCF equations are solved using 
a basis set (consisting of either two or four component spin-
ors) expansion technique. In these equations p, q, r ... label 
basis spinors XP ' Xq, Xr"" and Spq is the overlap between 
basis spinors XP and Xq , and (pqllrs) is an antisymmetrized 





D;q = I C:kCpk> 
k 
o 
D~q =JI C:mCpm , 
m 
Q;q = I (pqllrs)D;':, 
rs 
Q~ = I (pqllrs)D?r, 
rs 
L ;q = I [SprD;; Q ~ + Q ~rD ;;Ssq ] , 
rs 
L~q = I [SprD~Q~ + Q~rD~Ssq], 
rs 
F C = h + Q C + Q 0 + aL 0, 
F O = h + Q C + aQ 0 + aL c. 
For the closed shell orbitals we get the equation 
FClk) =Eklk), 
and for the open shell orbitals we get the equation 









Equations (16) and (17) need to be solved iteratively. The 
coupling operators L C and L 0 take care of the orthogonality 
between the closed shell and open shell solutions. We get the 
following expression for the total energy: 
E=Tr[HDD C] +~Tr[QcDC] + Tr[HDDO] 
(18) 
D. The casci method 
In this section, we mention some features of the COSCI 
method. The many-electron function space used in the 
COSCI calculations is the full-CI space generated from a 
(small) set of active spin-orbitals which is usually chosen to 
be the set of open shell spin-orbitals from the SCF calcula-
tion. Since the average energy is proportional to the trace of 
the Hamiltonian matrix in this many-electron basis, it is in-
variant for unitary transformations of the one-electron basis. 
In particular, it does not make any difference if we had start-
ed with an LS coupled instead of a JJ coupled basis set. 
Since only the open shell space is used to construct the 
CI matrix, correlation corrections are hardly accounted for 
at this stage. Also, the open shell orbitals are not optimized 
for individual states. The method is expected, however, to 
yield a balanced, global picture of the open shell manifold of 
states. More accurate descriptions of specific states can be 
found subsequently by the application of multi reference con-
figuration interaction (MRCI) or multiconfiguration self-
consistent field (MCSCF) techniques. 
We define the set of frozen orbitals to consist of all one-
electron spinors which are present in all determinants span-
ning the CI-space. The interaction with these frozen orbitals 
is taken into account by using an effective one-electron oper-
ator h /, 
F 
h'=h+ I (Jf-Kf ), 
I 
(19) 
where JI is the Coulomb operator with spin-orbital fIJI' Kf is 
the exchange operator with spin-orbital fIJI' and the summa-
tion runs over the set of frozen spin-orbitals F. The matrix 
elements of this operator can be calculated easily using the 
fact that the one-electron spinors are solutions of the SCF 
Eqs. (16) and (17). 
Finally, it is clear that while the COSCI method has 
been introduced here to perform open shell calculations with 
a relativistic Hamiltonian, it can also be used for calculations 
with a nonrelativistic Hamiltonian. 
E. Basis functions 
The MOLFDIR package works with two distinct sets of, 
usually atom centered, scalar (contracted) Cartesian Gaus-
sian functions, a large component set {gf} and a small com-
ponent set {gf}. The two-electron repulsion integrals are cal-
culated over the functions belonging to these sets. From 
these two scalar sets, two new sets of symmetry adapted mo-
lecular basis spinors {xf} and {X~ are constructed using the 
Dirac double group symmetry elements. The spinors xf and 
X; are defined by 
and 
(Xf~ xf~ X[) 
La "...L La Xl = £,-15;Ci/ , 
VSa = " -.S CSa 
AS £.. i!);' IS 
; 
LfJ "...L LfJ Xl = £,.-15; Ci/ , 
(20) 
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and 
(21) 
where the coefficients cJ"(XE{L,S}; oda,.B}) in Eq. (21) 
are determined by symmetry. Thus, each nonzero compo-
nent of these basis spinors consists ofa linear combination of 
the basis functions from set {sf} or set {g;}. 
F. Kinetic balance and general contraction 
As has been discussed by several authors,23-25 it is im-
portant to ensure that the basis set in which the one-electron 
functions are expanded fulfills the kinetic balance condition. 
This condition requires that for each function xf in the large 
component basis, the function a·pxf is contained in the 
small component basis set. Since kinetic balance is neither a 
necessary nor sufficient condition to produce the best ap-
proximate eigensolutions, we use an extended kinetic bal-
ance scheme. IS In practice this means that the small compo-
nent basis set contains more basis functions than those 
minimally required by the kinetic balance condition. 
The first set of extra functions results from our choice to 
employ two separate primitive Gaussians instead of the fixed 
linear combination that results from a' p operating on a sin-
gle Gaussian primitive in the large component. 
A second set of extra functions is used in molecular cal-
culations were atomic solutions are used to contract the 
large and small component basis functions. In addition to 
the kinetically balanced functions the atomic small compo-
nent solutions are used as small component basis functions. 
A basis set which includes such an extension is called an 
atomically balanced basis set. 15 
When general contraction26 is used to reduce the vari-
ational space we still require that the small component basis 
fulfills atomic and kinetic balance conditions. The contrac-
tion reduction is thereby counteracted by the fact that up to 
four contracted functions for each large component function 
are necessary (up to two functions to ensure kinetic balance, 
and up to two functions to ensure atomic balance). Al-
though these small component functions may tend to form a 
linear dependent set, in which case one or more functions 
can be removed, the gain obtained by the use of general con-
traction in the small component basis set is small compared 
to that obtained in the large component basis set. 
III. The Ba2GdNbOo:Eu system 
A. Description of the system 
In 1966, Blasse et a/. 27,28 have obtained experimental 
data (luminescence spectra) on some compounds which 
contained an Eu3 + impurity. Due to the approximate valid-
ity of spin and parity selection rules, electric dipole transi-
tions between the 5 D and 7 F levels of the Eu3 + impurity are 
forbidden in first approximation. The spin selection rule is 
lifted by the spin-orbit coupling. The magnetic dipole and 
quadrupole transitions are only forbidden by a spin selection 
rule, which is again lifted by the spin-orbit coupling. To 
investigate the effect of the symmetry of the surroundings, a 
series of compounds was studied, a compound in which the 
Eu3 t- ion occupies a strict center of (Oh ) symmetry, a com-
pound in which small deviations from this symmetry occur, 
and a compound with no symmetry at all. In the last case, 
both electric and magnetic dipole transitions can occur, 
while in the first case only magnetic dipole transitions are 
allowed. 29•30 
We have chosen to study a compound with a strict cen-
ter of symmetry, Ba2GdNb06 :Eu. The advantage is that cal-
culations can be performed using Ok symmetry, which 
greatly reduces the computational efforts needed (both in 
terms of CPU time and of disk space). 
The BazGdNb06 crystal (Fig. 1) has an ordered per-
ovskite structure.31 The unit cell of the crystal is a cube di-
vided in eight smaller cubes. In the center of the smaller 
cubes we find alternating Gd3 + and Nbs + ions, on the 
comers of the smaller cubes we find Ba2 + ions, and at the 
middle of the sides of the small cubes the 0 2 - ions are posi-
tioned. The Eu3 + impurity occupies one of the Gd3 + sites 
with symmetry Oh' It is surrounded by six 0 2 - ions, form-
ing an "EuO~ - cluster," with an Eu-O distance of 4.02 a.u. 
The experimental results obtained by Blasse et al. (the 
energy distribution of the emission of Eu3 + -activated 
Ga2GdNb06 ) show a sharp line at 595 nm (16 800 cm - I) 
corresponding to the 5 Do -+ 7 FI transition. This is an allowed 
magnetic dipole transition. Also, at least six weak and broad 
lines are visible in the region 610-630 nm (15900-16400 
cm - I). These lines were assigned to the 5 Do -+ 7 Fz transi-
tions (the large number of lines is due to simultaneous vi-
bronic transitions). 
B. Physical model 
We have performed all-electron average of configura-
tion open shell Hartree-Fock and Hartree-Fock-Dirac cal-
culations, followed by COSCI calculations [using, respec-
tively, the Schrodinger Hamiltonian (NR) and the Dirac-
Coulomb Hamiltonian (FD)], on part of the BazGdNb06 
crystal together with the impurity. This part of the material, 
cut from the complete system, will be referred to as "the 
cluster," even when "the cluster" consists of one atom only 
(the impurity atom). The influence of the surrounding infi-
nite crystal is accounted for by considering the electrostatic 
effects on the cluster only. The Madelung potential of the 
FIG. 1. The Ba?GdNbOo unit cell. In order to get a better view of the struc-
ture of the cell, -the ions have not been drawn to scale. Small black spheres, 
Ba' + ; small grey spheres 0' - , remaining large spheres, alternating Gd' + 
and Nb' + . The Eu3 + impurity occupies a Gd' + site. 
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crystal (with the contributions from the atoms contained in 
the cluster removed) has been included in the cluster calcu-
lations. Technically, this potential was represented by a set 
of fitted point charges.32 
We define three different models of the physical system 
of interest which successively improve on the quality of the 
description. (a) Eu, a bare Eu3 + ion. This is the crudest 
model available since none of the effects of the surroundings 
are included. (b) EuMP, an Eu3 + ion embedded in the Ma-
delung potential. This model is expected to give more realis-
tic results since the electrostatic effects of the surroundings 
are included in the calculation. (c) Eu06MP, an EuO:-
cluster embedded in the Madelung potential of the rest of the 
crystal. In principle still larger clusters can be defined, and 
eventually the results from the calculations are expected to 
converge to the results from a hypothetical calculation on a 
physical crystal containing the impurity. Relativistic calcu-
lations using the Hartree-Fock-Dirac and subsequent 
COSCI method on systems much larger than the EuO:-
cluster are not yet technically feasible. To conclude with, we 
define one last model system. (d) Eu06 , a bare EuO: - clus-
ter. This model system is included for comparison. 
IV. COMPUTATIONAL DETAILS 
A. Basis sets 
The primitive basis set for the Eu l + ion has been opti-
mized for the 7 F state (the ground state), starting with the 
Eu3 + basis set from van Piggelen. 33 For technical reasons 
(to improve the efficiency), this basis set was reoptimized 
under the constraint that the d-exponents be a subset of the s-
exponents, and that the J-exponents be a subset of the p-
exponents. This resulted in a very reasonable basis set (Table 
I) for the Eu l + ion, 18s, 15p, lad, and 8f 
The total energy of the 7 F ground state using this basis 
set is - 10 422.00372 a.u. (van Piggelen, - 10 422.01687 
a.u.; numerical HF, - 10 422.03788 a.u.). The radial ex-
pectation value for ris given in Table II. From the table it can 
be seen that the basis set calculations agree in reasonable 
detail with the numerical calculations. The basis set opti-
mized with the constraint on the exponents yields necessar-
ily results that are slightly less in quality than the results of 
the basis set optimized without constraints. Also by a study 
oftheJ-spectrum later on it is concluded that the basis set is 
good enough for our purposes. 
Based on average of configuration atomic open shell 
Hartree-Fock and Hartree-Fock-Dirac calculations on the 
Eu l + ion, general contracted basis sets were constructed for 
the molecule. The small component basis set was construct-
ed using atomic and kinetic balance. This procedure resulted 
in a (6s,5p,3d,2j) nonrelativistic basis set, and in a 
(6s,9p,5d,3fllOs, 13p, 14d,8J,5g) relativistic scalar basis set. 
For the oxygen ion we have used a (lOs,6p) primitive 
basis set (Table!) which has been optimized (nonrelativisti-
cally) for the 0 - ion.34 Based on Hartree-Fock and Har-
tree-Fock-Dirac calculations on the 0 2 - ion general con-
tracted basis sets were constructed. Again, the small 
TABLE I. Primitive basis sets used for Eu3 + and for 0' -- . 
Eu3+ basis 0 2 - basis' 
S 4568512.7638569176 S 14362.1302 
S 684565.009613 808 2 S 2 154.8458 
S 155804.248861 1462 S 490.3337 
S 44117.8494269652 S 138.5686 
S 14377.8544660754 S 44.8513 
S 5 174.382 955 328 0 S 15.8495 
S D 2 003.243 622 978 9 S 5.8637 
S D 820.694 856 558 4 S 1.4900 
S D 350.217 442 6569 S 0.5612 
S D 149.892 154564 9 S 0.1813 
S D 68.436172 6183 P 47.592 5 
S D 32.067 803 8909 P 10.8657 
S D 15.317 827 648 8 P 3.2595 
S D 7.1275948086 P 1.0756 
S D 3.209 811 509 9 P 0.3412 
S D 1.322432 897 1 P 0.092 7 
S 0.675479 568 3 
S 0.292 4156677 
P 49422.173251800 0 
p II 709.355 524 531 5 
P 3 801.203 352 8740 
P 1 450.488 1257395 
P 611.7598011859 
P 275.055 800 696 4 
p F 128.705424110 5 
P F 61.608 287 9502 
P F 29.237728903 3 
P F 14.336247 1454 
P F 6.894638710 6 
P F 3.2020701090 
P F 1.433 500 509 5 
P F 0.5763759499 
P 0.242 3067468 
a R. Broer (unpublished). 
component basis set was constructed using atomic and kinet-
ic balance. This procedure resulted in a (3s,2p) nonrelativis-
tic basis set, and in a (3s,3PI4s,4p,5d) relativistic scalar basis 
set. 
B. Madelung potential 
The crystal is taken to be purely ionic, 
Ba~ + Gd l + NbS + O~ - . Using these formal charges, the Ma-
TABLE II. Expectation value of r (in a.u.) for several Eu3 + orbitals. 
(r) NMCHP ASCF van Piggelenb ASCF (this work)C 
Is 0.02408 0.02408 0.02408 
2s 0.10253 0.10253 0.10253 
3s 0.26442 0.26442 0.26443 
4s 0.59786 0.59785 0.59791 
5s 1.45285 1.45270 1.45299 
2p 0.087 12 0.08712 0.08712 
3p 0.25455 0.25455 0.25455 
4p 0.613 37 0.61338 0.613 41 
5p 1.60675 1.60631 1.607 31 
3d 0.22654 0.22654 0.22654 
4d 0.65312 0.65308 0.65295 
4/ 0.80644 0.80625 0.804 83 
a NMCHF = numerical Hartree-Fock results. 
b ASCF van Piggelen = basis set results, optimized basis set. 
C ASCF this work = basis set results, basis set optimized under constraints. 
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delung potential in the cluster region has been calculated. 
After subtracting the cluster contributions, the remaining 
potential was fitted with a set of point charges. The fit results 
for the two different clusters (the Eu3 + ion, and the EuO~­
system) are given in Table III. 
For the interpretation of the results it is useful to note 
that the Madelung potential used with the Eu3 + ion can be 
fitted with only six charges on the 0 2 - sites (at a distance of 
4.02 a.u.). The fit charges are - 0.865, with a standard devi-
ation in the potential of 0.04 a.u. 13 In the embedded ion cal-
culations, however, we have used the much more accurate fit 
given in Table III. 
C. The EuO:- cluster 
In the Hartree-Fock-Dirac calculations on the EuO~ -
clusters, using the experimental geometry, the symmetry 
unique two-electron integrals which were larger than 10 - 12 
for the (LL ILL) and (LL ISS) integrals, and the 10 - 8 for 
the (55 ISS) integrals were calculated. This resulted in 
2X 106 (LL ILL) integrals, 48X 106 (LL ISS) integrals and 
241 X 106 (55 ISS) integrals. If no symmetry would have 
been employed, we would have obtained 0.1 X 109 (LL ILL) 
integrals, 2.2X 109 (LL ISS) integrals, and 12.7X 109 
(55 ISS) integrals. 
We found that the convergence of the SCF iterations 
was very slow. Normally, the computational efforts needed 
for a single SCF iteration can be reduced by temporarily 
using only part of the large-component two-electron inte-
grals, or by temporarily fixing the contributions of the small 
component two-electron integrals to the Fock matrices; in 
this case we found that both of these methods did seriously 
degrade the convergence behavior. 
We also found that selection of the open shell eigenvec-
tors by overlap with the eigenvectors of the previous iter-
ation did not work very well for the EuO~ - systems. How-
ever, selection by character (thus forcing the open shell 
orbitals to be constructed from the Eu f-basis spinors) 
worked much better. 
V.RESULTS 
A. The free Eu3 + ion 
In order to get an estimate of the accuracy which can be 
obtained using the given general contracted basis set togeth-
er with the COSCI approach, we have performed some cal-
culations on the EuJ + ion in the nonrelativistic limit: (1) 
Numerical calculations using the NMCHF program of 
Froese-Fischer,35 these calculations are used as reference. 
(2) Atomic basis set expansion calculations with the ASCF 
(Ref. 13) program, using the uncontracted basis set de-
scribed before. (3) MOLFDIR-COSCI calculations using the 
general contracted basis set. The results are given in Table 
IV. All absolute energies are too high by -0.034 a.u., due to 
the finite basis set approximation. The relative errors show 
the accuracy within the/-manifold, which is in general much 
better than 10- 3 a.u. For the 7Fand 5L-states, the error due 
to the use of a set of average orbitals (column III - column 
II in Table IV) is significantly larger than for the other 
states. This error, especially in case of the 5 L-state, is partial-
ly canceled by the basis set error (column II - column I in 
Table IV). 
We conclude that in the worst case the accuracy of the 
calculations, as far as splittings between RusseII-Sauders 
term are concerned, can be as bad as 3 X 10 - 3 a. u. 
( - 600 cm - I), and that this is mainly due to the average/-
shell approach. The accuracy in the many-electron total en-
ergies will therefore not significantly be improved by using a 
more flexible basis set. The splittings within Russell-
Saunders terms due to relativistic and ligand field effects are 
much smaller, and the absolute accuracy ofthese splittings is 
expected to be much better. 
TABLE III. Fit to the Madelung potential for several clusters. Position = position ofthe fit-charges in units of 





























Fit for EuOo 
1.662956' 
3.5XlO- 4 
2.1 X 10- 7 
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h Largest difference between the fitted potential and the exact potential. 
, Average difference between the fitted potential and the exact potential. 
J Standard deviation in fitted potential. 
< - 1.322 1185 when the contribution of six 0' -- ions at 4.02 a.u. is included. 
Fit for Eu 
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TABLE IV. Comparison of numerical (NMCHF), basis set (ASCF), and COSCI total energies relative to the 
average total energy (in a. u. ) . 
State NMCHP (I) ASCFb (II) COSCI" (Ill) 
7F 
- 0.358 73 - 0.35883 - 0.355 93 
5L 
- 0.225 42 - 0.22583 - 0.224 73 
5K 
- 0.150 29 - 0.150 66 - 0.15014 
30 
- 0.138 84 - 0.13910 - 0.138 72 
3N 
- 0.111 07 -0.11147 - 0.11123 
5p 
- 0.110 43 - 0.110 57 - 0.110 28 
5S 
- 0.04781 - 0.04750 - 0.04746 
a Eav (NMCHF) = - 10 421.679 15. 
b Eav (ASCF) = - 10 421.644 89. 
C Eav (COSCI) = - 10 421.64489. 
B. The Eu3 + impurity 
From the average of configuration open shell SCF cal-
culations we have obtained the / or .flike orbital energies, 
which are given in Tables V and VI. In Fig. 2 the splitting of 
these orbital energies due to relativistic and crystal field ef-
fects is pictorially represented. In the figure the FD orbital 
energies have been shifted upward by 0.18 a.u. The addi-
tional shift (Tables V and VI) in the embedded ion results 
corresponds closely to the value ofthe Madelung potential at 
the Eu3 + site. To explain the shift seen in the embedded 
cluster results also the interaction with the rest of the cluster 
needs to be taken into account. We find that this interaction 
can be fitted (using data from Tables III, V, and VI) with six 
effective charges of - I.S at the 0 2 - ion positions, or with 
six charges of - 2.0 at a distance of S.3 a.u. 
The COSCI results concerning the 7 F and the lower of 
the 5 D levels are presented in Tables VII and VIII. In Fig. 3 
the FD data on the 7 F levels is presented in the form of den-
sity of states plots. These plots have been produced by using 
a convolution of a Gaussian with the discrete COSCI eigen-
values. The width of the Gaussian was chosen to match the 
accuracy of the calculations. In Fig. 4 the Eu06MP FD 
COSCI results for the complete/-manifold are shown. 
Going from the free ion to the embedded ion, certain 
total energy levels (depending on the symmetry) and the 4/ 
orbital energies are split due to the Madelung field represent-
ing the crystal. When we include the six 0 2 - ions in the 
cluster together with the Madelung field of the rest of the 
crystal, we find that the total energy splittings are reduced 
significantly with respect to the embedded ion results (Fig. 
3, Tables VII and VIII). This behavior, which is opposite to 
the behavior of the transition metal ions,36 can be explained 
TABLE V. Relative and average NRf-electron orbital energies (a.u.) 
Level EuNR EuNR Eu06MPNR EuO"NR 
a2 • 0.00000 0.00000 0.00000 0.00000 
12k 0.00000 0.00210 0.00258 0.00254 
t lu 0.00000 0.004 20 0.00500 0.00733 
Average - 1.77887 - 0.45802 - 1.14273 0.74840 
II-I III - II 
- 0.000 10 0.00290 
-0.00042 0.001 10 
- 0.000 37 0.000 52 
-0.00026 0.000 38 
- 0.00041 0.000 24 
- 0.000 15 0.000 29 
0.000 31 0.00005 
by the presence of the filled Eu3 + Ss and Sp shells. The 
superimposed charge distributions of these shells and the 
oxygen ions becomes slightly deformed. A small amount of 
charge is shifted from the Eu-O bond region into the regions 
between these bonds. This in effect reduces the electrostatic 
splitting of the 4/ orbitals. Also, due to the localized nature 
of the 4/ orbitals, covalent effects are not as important as in 
the case of transition metal ions, where they lead to an in-
crease of the splitting. 
In the nonrelativistic case, crystal field theory based on 
free ion orbitals yields the same splittings respectively for the 
many-electron 7 F level and the 4/ orbital energy. Our embed-
ded ion results reflect this behavior rather closely, in con-
trast to the embedded cluster results that show substantial 
deviations. This is due to changes in the detailed form of the 
4.flike spin-orbitals. From this sensitivity it can be conclud-
ed that it is important to use "relativistic" orbitals, which 
deviate significantly from nonrelativistic orbitals, from the 
outset. 
The much larger splittings calculated for the bare 
EuO~ - cluster should be compared with the splittings 
which would result from a calculation on the ion with 0 2 -
ions represented by six two-point charges, not including the 
rest of the crystal. These splittings can be estimated from our 
embedded ion results by assuming that the splittings are lin-
ear in the charge of the point charges. The complete Made-
lung potential can approximately be fitted by six charges of 
- 0.865 at the 0 2 - positions, 13 so we should compare the 
splittings calculated using the bare cluster with the spIittings 
calculated using the embedded ion multiplied by 2.3 
TABLE VI. Relative and average FD f-electron orbital energies (a. u.). 
Level EuFD EuMPFD EuO"MPFD EuO"FD 
e2k 0.00000 0.00000 0.00000 0.00000 
i. 0.00000 0.00262 0.00213 0.00346 
e 2k 0.02410 0.02380 0.02380 0.02369 
i. 0.02410 0.02616 0.02563 0.02654 
elk 0.02410 0.02771 0.02695 0.02896 
Average - 1.59526 - 0.27429 - 0.970 88 0.92339 
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FIG. 2. Calculated splittings (in a.u.) of the orbital energies ofthe/andJ-
like orbitals due to relativistic and crystal field effects, relative to the aver-
age energies. 
( = 2/0.865). Now we find a similar trend as before, inclu-
sion of the six 0 2 - ions reduces the calculated splittings. 
The differences going from embedded ion to embedded 
cluster are relatively large (of the same order of magnitude 
as the crystal field splittings), and one might ask whether the 
cluster should be enlarged. The distance from the Eu3 + ion 
to the next-nearest-neighbors (the Ba2 + ions) is ratheriarge 
( - 7 a. u.), and inclusion of these ions in the cluster is there-
fore not expected to alter the results significantly. It is ex-
pected, however, that the use of point charges deforms to 
oxygen charge distributions somewhat. 
C. The spectrum 
The dominant luminescence transitions occurring in 
this system are basically the atomic 5 Do -. 7 F, and 5 Do -> 7 F2 
transitions. The first of these is a magnetic dipole transition 
which can be seen clearly in the spectrum. The second transi-
tion is an induced electric dipole transition, allowed by vi-
bronic coupling to phonon modes that break the inversion 
symmetry. This transition is split by the reduction of the 
symmetry. In Table IX the calculated transition wave 
numbers are given. 
Based on the Eu06MP FD results, we expect that the 
splitting of the 5Do-+ 7F2 transition is of the order of 100 
cm - I. The free tom model shows no splitting. When we 
introduce the Madelung potential the splitting is somewhat 
overestimated (251 cm - I). Inclusion of the neighboring 
0 2 - ions in the model (Eu06MP) reduces the splitting to 
TABLE VII. NR COSCl energies in a.u. of the lowest states ofther-mani-
fold with their degeneracies. 
EuNR EuMPNR EuO.MPNR Eu06 NR 
7F 0.00000 49 0.00000 21 0.00000 21 0.00000 21 
0.00228 21 0.00138 21 0.00343 21 
0.004 52 7 0.00317 7 0.00510 7 
~D 0.11478 25 0.11607 15 0.11407 15 0.11472 15 
0.11670 10 0.11435 10 0.11545 10 
TABLE VIII. FD COSCl energies in a.U. of the lowest states ofther-mani-
fold with their degeneracies. 
EuFD EuMPFD Eu06MP FD Eu06 FD 
7Fo 0.00000 1 0.00000 1 0.00000 1 0.00000 1 
7F, 0.00171 3 0.00166 3 0.00170 3 0.00166 3 
7F2 0.004 82 5 0.00399 2 0.00449 2 0.00408 2 
0.00513 3 0.004 99 3 0.00507 3 
7F, 0.00894 7 0.00851 1 0.00871 1 0.00854 1 
0.00917 3 0.00894 3 0.00894 3 
0.00935 3 0.00902 3 0.00921 3 
7F, 0.013 77 9 0.01294 3 0.01336 3 0.01285 3 
0.01420 2 0.01377 2 0.01419 2 
0.01466 3 0.013 98 3 0.01430 3 
0.01508 1 0.01424 1 0.01441 1 
7F, 0.019 10 11 0.01866 3 0.D1876 3 0.D1857 3 
0.01881 2 0.D1881 2 0.D1874 2 
0.01921 3 0.01916 3 0.D1880 3 
0.02009 3 0.01930 3 0.01991 3 
7F6 0.02474 13 0.02412 2 0.02430 2 0.02398 2 
0.02425 3 0.02433 3 0.02411 3 
0.02454 1 0.02444 1 0.02441 1 
0.02606 3 0.02494 3 0.02542 3 
0.02622 3 0.02503 3 0.02559 3 
0.02637 1 0.025 11 1 0.025 73 1 
5 Do 0.093 70 1 0.09383 1 0.092 24 1 0.092 18 1 
5D, 0.10121 3 0.101 32 3 0.09972 3 0.09961 3 
'D2 0.11275 5 0.11263 3 0.11 1 15 3 0.110 84 3 
0.11316 2 0.11125 2 0.11128 2 
110 cm - I. This number is to be compared with the number 
found by van Piggelen (139 cm - 1).13 Although the calcu-
lated splitting is quite consistent with the experimental data, 
a more precise comparison cannot be made at present. The 
observed vibronic transitions have not been assigned and in 
fact more and better resolved data are required to do this. 37 
The Eu06MP model, however, should yield a reasonable 
description of the effects of the surroundings. We tend there-
fore to conclude that a crystal field model based on just the 
Madelung field overestimates the splitting. 
The spin-orbit splitting (using the weighted average of 
the Eg and the T2g levels) is calculated to be 628, 662, and 
678 cm - 1 for, respectively, Eu, EuMP, and Eu06MP. This 
is in good agreement with the experimental data from which 
we estimate the splitting to be between 600 and 700 cm - I. 
van Piggelen's results yield a somewhat larger value (804 
cm - 1). Except for the neglect of the Breit interaction we 
have not introduced any approximations in the description 
of the relativistic effects, so we expect that our results are 
reliable at this point. 
The calculated splitting between the 5 D level and the 7 F 
level is much too large, in all calculations. For the sDo-' 7FI 
transition, we have a discrepancy with experiment of - 3000 
cm - I. This large error cannot be attributed to defects of the 
COSCI or basis set approach (in Sec. V A we have seen that 
the worst of these errors is of order 600 cm - I). This differ-
ence is of course to be expected at the present level of theory 
since most of the correlation effects have not yet been includ-
ed. 
VI. CONCLUSIONS 
In this paper we have given results of calculations on 
EuO~ - clusters in a Madelung potential, as a model for an 
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FIG. 3. Density of states from the 
eosel results e F level shown). 
1 6 +·,,········· .. ··H·IH·. 
Eu3 + impurity in the Ba2GdNb06 crystal. The calculations 
indicate the state of the art in ab initio relativistic quantum 
chemistry, i.e., the Hartree-Fock-Dirac and eOSel for-
malism applied to molecules. The eOSel method has prov-
en to be extremely useful in obtaining all the individual states 
of the open shell manifold. ! ~ 4 ·++-·········11··1 
2 -IIff··········+·WI.· 
o 0.275 0.55 
Etot (LU.) 
0.825 1.1 
Relativistic effect, except for the Breit interaction, the 
effects of the surroundings on the Eu3 + ion, and part of the 
j-shell configuration interaction are treated in a systematic 
manner. The open shell configuration interaction method 
employed yields an ab initio intermediate coupling descrip-
tion ofther-like manifold. 
FIG. 4. Density of states from the EuOoMP FD eOSel results. Our results show that the splittings due to relativistic 
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TABLE IX. Energies of the fluorescence transitions (in crn - I ). 
Eu EuMP EuO.MP 
Transition FD FD FD van PiggeIen Exp." 
~D<I-+7F, 20189 20229 19871 20459 16800 
~D<1 .... 7F2 (Eg) 19507 19718 19259 19738 16150b 
~Do-+ 'F2 (T2.) 19507 19467 19149 19599 16 150b 
aBlasseetal. (Refs. 28 and 29). 
b Unweighted average of the six lines observed in this region. The separation 
between the lines is -100 em - I. 
effects, which are much larger than the splittings due to the 
surroundings, can be calculated with an accuracy of ~ 10 
cm - I. We have also found that both a pure Madelung field 
and a bare EuO~ - cluster significantly overestimate the 
splittings introduced by the surroundings. It is clear from 
our nonrelativistic results that the detailed form of the orbi-
tals is important in the calculation of these splittings. Hence 
the preferred approach should be to use relativistic orbitals 
from the outset. 
A significant discrepancy with experiment is found 
where splittings between Russell-Saunders terms are con-
cerned (as in the luminescence spectra). This discrepancy, 
which is also present on the atomic level, is due to the neglect 
of most of the correlation effects and does not differ much 
from the discrepancies found in nonrelativistic calculations .. 
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